Objective: To investigate the effects of long-term levothyroxine (LT4) suppressive therapy on the heart and the effects of b-blockade on cardiac functions. Design: Twelve female patients receiving LT4, selected from a group of patients with TSH levels of 0.1 -0.4 mU/ml, were evaluated. The control group consisted of 11 healthy subjects and 12 patients with TSH levels , 0.05 mU/ml. Methods: Cardiac evaluation consisted of a 12-lead electrocardiogram and an echocardiographic study. Left ventricular mass index (LVMI), isovolumetric relaxation time (IVR), left ventricular end systolic (LVESD) and diastolic diameters, early (VE) and late (VA) diastolic flow velocities and fractional shortening were evaluated. Exercise capacity was assessed with a bicycle ergometer. Both work load and maximal exercise time were measured. Atenolol was given to the patient group at a dosage of 50 mg/day for 3 months and evaluations were repeated. Results: On basal evaluations, LVMI (96^17 vs 78^21 g/m 2 ) and IVR (101^9 vs 91^4 ms) were found to be increased in the patients taking LT4 (P , 0.01). LVESD was also lower than controls (P , 0.05). A decrease in VE and an increase in VA were also observed in the patients (P , 0.01). IVR decreased after atenolol (92^10 vs 101^9 ms, P , 0.05). LVMI decreased and VE and VA improved but did not reach statistical significance after b-blockade. Baseline work load and maximal exercise duration were significantly lower in the patients and improvements were observed after atenolol treatment. Conclusions: These results indicated that cardiac dysfunction may occur even when TSH is suppressed to 0.1 -0.4 mU/ml with LT4. b-blockade improved the cardiac functions.
Introduction
Thyrotoxic patients usually show prominent cardiac manifestations. Coexisting cardiac diseases can be exacerbated by thyrotoxicosis or thyrotoxicosis itself can cause abnormal cardiac function (1 -9) . Several symptoms and signs of hyperthyroidism, such as palpitations, tremor, tachycardia, nervousness, heat intolerance and sweating mimic the manifestations of b-adrenergic activity. Many of the clinical features of hyperthyroidism are frequently shared by patients receiving levothyroxine (LT4) suppressive therapy. Suppression of thyroid-stimulating hormone (TSH) by LT4 is used for the treatment of nodular and diffuse non-toxic goiter and postoperative treatment of differentiated thyroid carcinoma (10, 11) . Some reports have described the cardiac effects of chronic LT4 treatment at doses that result in minimal thyroid hormone excess defined by suppression of TSH (12) (13) (14) (15) (16) (17) (18) but not in all (19) . An increased incidence of symptoms suggesting adrenergic overactivity, significant increases in mean basal heart rate and atrial premature contractions, enhanced left ventricular (LV) systolic function and increased LV mass, and abnormalities in ventricular diastolic relaxation and exercise capacity have been reported in patients receiving suppressive doses of LT4 (12 -14) . The reversal of symptoms of thyrotoxicosis and improvement in cardiac abnormalities found in symptomatic patients were reported with b-adrenergic blockade (15, 16) .
Increasing evidence supports the existence of LV diastolic dysfunction as an important cause of congestive heart failure and impairment in systolic performance especially during physical exercise (20 -25) .
In previous studies, patients with TSH levels that were either undetectable or below 0.1 mU/ml were included. A TSH suppression of 0.1 -0.4 mU/ml has been accepted as the target for the treatment of nodular goiter and the effects of LT4 on cardiac functions in these patients have not been evaluated previously. The aim of this study was to evaluate the effects of long-term LT4 suppressive treatment on cardiac functions in patients with a TSH level between 0.1 and 0.4 mU/ml. The effect and efficacy of a cardioselective b-adrenergic blocker on cardiac functions were also evaluated.
Subjects and methods

Subjects
Twelve patients, all women, who had been under LT4 treatment (Levotiron, Abdi Ilbrahim Ilac San, Istanbul, Turkey) for at least 2 years for nodular or diffuse goiter were included in the study (study group). These patients were selected from a group of patients since they had had TSH levels between 0.1 and 0.4 mU/ml for at least 6-12 months in at least two measurements prior to and at the beginning of the study. The mean age was 40^6 years (range 30 -46 years) and the mean LT4 dosage was 117^23 mg/day. The presence of latent coronary disease was excluded by thallium-201 myocardial scintigraphy in the patient group. Eleven age-and body mass index (BMI: body weight (kg)/height (m 2 ))-matched healthy normal subjects (mean age 37^5, range 30 -45 years) were selected as control group 1, and 12 patients who were also taking LT4 with TSH levels , 0.05 mU/ml served as control group 2. None of the patients was taking any medication, apart from LT4, that may affect the thyroid function tests or that may interfere with cardiovascular results during the study. All subjects gave informed consent before participating in the study and the protocol was approved by the local ethical committee.
Systolic and diastolic cardiac functions were evaluated in all groups. Electrocardiogram was performed on each patient. Blood pressure, pulse rate and pressure, and other clinical symptoms and signs of the patients were evaluated and recorded just before the morning dosage of LT4. All parameters were also assessed in the control groups. Atenolol, a cardioselective b-adrenergic blocker, was added to the LT4 therapy of the study group at a dosage of 50 mg/day for 3 months. Clinical, hormonal and cardiac evaluations were repeated in the study group after the treatment period. Blood samples for hormonal analysis were taken at 0800 h, in order to exclude normal diurnal TSH variation, on 2 consecutive days and the mean of the two measurements was used for statistical evaluations. Cardioselective b-adrenergic blockade (atenolol) was well tolerated by the patients. No side-effects were observed.
Hormonal assays
Evaluation of serum free tri-iodothyronine (FT3), free thyroxine (FT4) and TSH levels were performed with commercially available automated chemiluminescence system kits (ACS:180; Chiron Diagnostics, Medfield, MA, USA). The kit used for TSH measurement was a third generation assay kit with a lower detectable limit of 0.011 mU/ml. The inter-and intra-assay coefficient of variation of each assay was less than 7%. The normal ranges of the hormones were: TSH, 0.4 -5.0 mU/ml; FT3, 3.3-7.5 pmol/l; FT4,10 -24 pmol/l.
Electrocardiogram and echocardiography examination
A standard 12-lead electrocardiogram was performed on each patient. Complete M-mode, two-dimensional studies and spectral Doppler-echocardiographic evaluations were performed by using an ultrasound mechanical system equipped with 2.5 MHz transducer (sonos 1000 ultrasound imaging system; HewlettPackard, Andover, MA, USA). All measurements were made with the subject in the left lateral decubitus position. LV dimensions were measured by M-mode at the systole and diastole ends. All M-mode measurements were made according to the recommendations of the American Society of Echocardiography (26) . LV mass was calculated using the following equation (27) 
, where LVID is LV dimension, IVST is interventricular septal thickness and PWT is posterior wall thickness.
LV mass was indexed by body surface area (LVMI, g/m 2 ). LV mass, ejection fraction, LV end diastolic dimension (LVEDD, mm) and end systolic dimension (LVESD, mm), early diastolic flow velocity (VE) and late diastolic flow velocity (VA), VE/VA ratio and isovolumetric relaxation time (IVR) were assessed in both controls and patients.
Exercise capacity
Maximal exercise capacity was assessed with a bicycle ergometer (Ergomed 740; Siemens-Elema, Solna, Sweden). Exercise load was increased 25 W every 2 min. The test was stopped when severe fatigue, weakness or dyspnea occurred. Continuous electrocardiogram monitorization was performed during the test. Blood pressure and heart rate were measured every 2 min.
Statistical analysis
Data are given as the means^S.D. The significance of differences between patients and controls was assessed by the unpaired t-test, whereas the effects of b-blockade were processed by paired analysis. P , 0.05 was accepted as significant. Mann -Whitney U test was used when necessary. Correlations between parameters were determined by Pearson correlation analysis.
Results
Clinical and laboratory characteristics of the control groups and the study group receiving long-term LT4 suppressive treatment are given in Table 1 . All controls and the study group were female and there were no differences between ages and BMI between the study and control groups.
Thyroid hormones
Mean serum FT4 levels were significantly higher in the study group and control group 2 than in the normal subjects (control 1) and the mean serum TSH level was significantly higher in control group 1 than in the patients (Table 1) . No statistically significant difference was observed in the hormone levels after 3 months of b-adrenergic blockade with atenolol in the study group. Although a slight decrease in FT3 levels and a slight increase in FT4 levels were observed after atenolol, they did not reach statistical significance (Table 1) .
Cardiac functions
Data are given in Table 2 .
Study group vs normal subjects LVMI was higher in the study group than in control group 1 (96^17 vs 78^21 g/m 2 , P , 0.01). IVR was found to be increased in the patients compared with the controls (101^9 vs 91^4 ms, P , 0.01). The LVESD was also lower in patients taking suppressive doses of LT4 (P , 0.05). VE was decreased (0.72^0.12 vs 0.96^0.16 m/s, P , 0.01) and VA was increased (0.72^0.23 vs 0.65^0.1 m/s, P , 0.01) in the patient group. The VE/VA ratio was lower in the patient group (0.94^0.19 vs 1.06^0.28, P , 0.01). Fractional shortening (FS) and LVEDD were not different between controls and patients. There was a positive correlation between LVMI and VA (r ¼ 0.56, P , 0.01) and negative correlation between LVMI and VE (r ¼ 0.48, P , 0.01).
Study group vs patients with TSH , 0.05 mU/ml LVMI was higher in the patients with TSH , 0.05 mU/ml (control group 2) than in the study Table 1 Clinical and laboratory characteristics of the control subjects and the study group receiving long-term LT4 suppressive treatment before and after b-blockade. Values are means^S.D. group (105^19 vs 96^17 g/m 2 , P , 0.05). IVR was also higher in control group 2 than in the study group (104^8 vs 101^9 ms, P , 0.05). VE was lower (0.68^0.11 vs 0.72^0.12 m/s, P , 0.05) and VA was higher (0.77^0.14 vs 0.72^0.23 ms, P , 0.05) and the VE/VA ratio was lower in control group 2 (0.94^0.19 vs 1.06^0.28, P , 0.01) than in the study group. FS and LVESD and LVEDD were not different between the study group and control group 2.
Study group before and after b-blockade Results are given in Table 3 . FS did not change with adrenergic b-blockade. LVMI decreased with the addition of atenolol but it did not reach statistical significance. IVR decreased with the b-blockade therapy (92^10 vs 101^9 ms, P , 0.05). Although improvements in VE, VA and VE/VA ratio were observed with atenolol therapy, these did not reach statistical significance. FS, LVESD and LVEDD did not change after atenolol.
Exercise capacity
Data are given in Table 4 .
Study group vs control group 1 (normal subjects) Mean basal systolic and diastolic blood pressures were not different in patients taking LT4 and controls. The basal heart rate of the patients who were taking LT4 was higher than the controls (88^5 vs 76^7 beats/ min, P , 0.05), but the maximal heart rate at maximal exercise was not different from the controls (167^7 vs 172^14 beats/min). The baseline mean maximal exercise time was significantly lower in the patient group than the controls (7^1.89 vs 11.3^1.57 min, P , 0.001). The baseline peak work load was also lower in the patient group (87^23 vs 141^19 W, P , 0.001).
Study group vs control group 2 (patients with TSH , 0.05 mU/ml) The basal heart rate of the study group was lower than control group 2 (92^4 vs 88^5 beats/min, P , 0.05), but the mean maximal heart rate at maximal exercise was not different between groups. The mean basal systolic blood pressure was higher in control group 2 than the study group. The baseline mean maximal exercise time was significantly higher in the study group (7^1.89 vs 6.2^1.71 min, P , 0.05). The baseline peak work load was also higher in the study group (87^23 vs 80^20 W, P , 0.01). Study group before and after b-blockade Data are given in Table 5 . b-adrenergic blockade (atenolol) decreased both the basal and maximal exercise heart rates (P , 0.005 and P , 0.01 respectively). The mean maximal exercise time increased from 7^1.89 to 8.6^1.6 min with b-adrenergic blockade (atenolol, P ¼ 0.007). The baseline peak work load was increased from 87^23 to 111^19 W with the atenolol treatment (P ¼ 0.0079). Systolic and diastolic blood pressures were also decreased after atenolol.
Electrocardiographic examinations
No arrhythmia was observed in controls and patients during electrocardiogram monitoring.
Discussion
The main finding of this study, which covered a group of patients who had been under LT4 suppressive therapy for at least 2 years and who had had stable TSH levels of 0.1 -0.4 mU/ml for at least two measurements prior to and during the study, was that even the mild suppression of TSH to 0.1 -0.4 mU/ml with longterm LT4 therapy may cause cardiac alterations characterized by increased myocardial mass, diastolic dysfunction and impaired exercise capacity that can be partially improved by a b-adrenergic blockade.
The present data showed a striking impairment of LV filling in the patients with mildly suppressed TSH levels between 0.1 and 0.4 mU/ml as well as in the patients with significantly suppressed TSH levels. Impairment in both early components (IVR and E wave) and the late phase of diastole (A wave) were detected. These data support the presence of an abnormality in diastolic function involving myocardial ability to actively relax, as well as the the passive elasticity of the ventricle. Since myocardial hypertrophy directly determines the latter it seems that these alterations resulted from the increase in LV mass in our patients. LV mass was found to be increased in our patients and both early and late diastolic filling were correlated with the ventricular mass.
The cardiac effects of long-term LT4 suppressive TSH therapy have been studied previously in patients who had significantly suppressed TSH levels (14 -18) . In these studies it was shown that chronic exposure to a mild excess of thyroid hormones was responsible for the increase in LV mass (14, 18) . Significant correlation between the duration of TSH-suppressive therapy and LV mass has also been reported (16) . Diastolic dysfunction, which was observed in such patients, was suggested to be a consequence of increased LV mass (16, 17) . An improvement in diastolic function was reported in patients with overt hyperthyroidism (28) . Such a finding in patients who have much higher thyroid hormone levels than patients who are taking LT4 may be seen as a conflict. But, in contrast to the patients who were under suppressive doses of LT4 therapy, the patients with hyperthyroidism were not usually exposed to high levels of thyroid hormones for a long period. Patients receiving TSH-suppressive treatment show mild but prolonged elevation of thyroid hormone concentration (10, 12) . In these patients, the heart undergoes functional as well as structural modifications (14) . The patients in the present study showed significantly elevated FT4 levels compared with controls which suggested that these patients were actually thyrotoxic even though they had mildly suppressed TSH values.
b-blockade improved ventricular filling in the present patient group. Although b-blocking drugs have no direct beneficial effect on myocardial relaxation they may exert several other effects, including regression of ventricular hypertrophy (20) . Improvement in the IVR, E waves and A waves with b-blockade in the present study might be due to the decrease in LVMI, although it was not statistically significant, probably because of the small number of patients in the study group and the short duration of treatment with the b-adrenergic blocking drug.
The reduction of the LV functional reserve in our patients was associated with a severe impairment of their exercise capacity. This was shown by the shorter duration and peak work load observed during maximal physical exercise. The distorted diastolic filling may be an explanation for the impaired exercise capacity on effort in our patients. Diastolic dysfunction can cause heart failure and affect exercise capacity (20, 25) . Biondi et al. (17) have reported impaired exercise capacity in patients who were under LT4 suppressive therapy. However, one should remember that thyroid hormone excess may also cause skeletal muscle abnormalities, which might also decrease exercise capacity (29) . Since adrenergic b-blockade improves skeletal muscle weakness too, no matter what the cause, the addition of a b-blocking drug will definitely improve the physical exercise capacity. Despite having some limitations, such as the small number of the patients studied and the non-randomized design, we believe that the observation of cardiac alterations even in patients with mild TSH suppression and the beneficial effects of b-blockade provides a rationale for instituting a combined therapy. It seems that, regardless of the degree of TSH suppression, addition of a b-blocking agent to the LT4 therapy may be beneficial. Our data also raise additional concern about long-term TSH-suppressive therapy in patients with nodular or diffuse goiter in whom there is uncertainty about a beneficial effect on thyroid size. However in iodine-deficient areas there is a decrease in thyroid nodule size and no new nodule formations were reported (30, 31) . LT4 suppressive therapy may be recommended under such circumstances. Suppression of TSH to the level of 0.1 -0.4 mU/ml is also required in patients with differentiated thyroid carcinoma with low risk (32, 33) . TSH suppression improves survival in such patients and LT4 treatment is essential. Since long-term exposure to high levels of thyroid hormone may cause cardiac dysfunction we suggest that these patients should be monitored more carefully.
In conclusion, since diastolic dysfunction can cause a deterioration in cardiac performance and cardiac insufficiency, the preservation of the diastolic function is important in patients who should have TSH-suppressive therapy, no matter what the degree of suppression is. Addition of a b-adrenergic blocking drug to LT4 suppressive therapy improves diastolic dysfunction in patients and should be taken into consideration when long-term TSH suppression is necessary.
